After treating Mycoplasma pneumoniae cells with the nonionic detergent Triton X-100, an undefined, structured protein complex remains that is called the ' Triton X-100 insoluble fraction ' or ' Triton shell '. By analogy with eukaryotic cells and supported by ultrastructural analyses it is supposed that this fraction contains the components of a bacterial cytoskeleton-like structure. In this study, the composition of the Triton X-100 insoluble fraction was defined by electron microscopic screening for possible structural elements, and by two-dimensional (2-D) gel electrophoresis and MS to identify the proteins present. Silver staining of 2-D gels revealed about 100 protein spots. By staining with colloidal Coomassie blue, about 50 protein spots were visualized, of which 41 were identified by determining the mass and partial sequence of tryptic peptides of individual proteins. The identified proteins belonged to several functional categories, mainly energy metabolism, translation and heat-shock response. In addition, lipoproteins were found and most of the proteins involved in cytadherence that were previously shown to be components of the Triton X-100 insoluble fraction. There were also 11 functionally unassigned proteins. Based on sequence-derived predictions, some of these might be potential candidates for structural components. Quantitatively, the most prevalent proteins were the heat-shock protein DnaK, elongation factor Tu and subunits α and β of the pyruvate dehydrogenase complex (PdhA, PdhB), but definite conclusions regarding the composition of the observed structures can only be drawn after specific proteins are assigned to them, for example by immunocytochemistry.
INTRODUCTION
Mycoplasma pneumoniae is one of the smallest bacteria known, with a genome of only 816 kbp (Himmelreich et al., 1996) that most probably evolved by reduction from the larger genomes of Gram-positive bacteria (Razin et al., 1998 ; Weisburg et al., 1989) . M. pneumoniae lacks a cell wall and in nature is always associated with a host cell. Its dependence on a parasitic lifestyle can be attributed to the loss of genetic information for the synthesis of essential compounds, as shown by biochemical studies (Pollack et al., 1997) , the annotation of the complete genome sequence (Himmelreich et al., 1996) and a recent re-annotation (Dandekar et al., 2000) . However, M. pneumoniae can be grown in vitro without host cells in a medium containing serum. Over the past 20 years, indications have accumulated that M. pneumoniae possesses a cytoskeleton-like structure, probably as a substitute for the missing cell wall (Biberfeld & Biberfeld, 1970 ; Go$ bel et al., 1981 ; Krause et al., 1982 ; Meng & Pfister, 1980 ; Wilson & Collier, 1976) . By analogy with eukaryotic cells, such a cytoskeleton could provide the necessary framework for maintaining and stabilizing the shape of M. pneumoniae (Trachtenberg, 1998) , for motility (Radestock & Bredt, 1977) and for the formation of an asymmetric cell. Cell asymmetry is related to the attachment organelle, a membrane-bound extension of the cell. The correct assembly of this organelle is a prerequisite for binding of M. pneumoniae to specific receptors on the host cell Razin & Jacobs, 1992) . Among the proteins known to be present in an intact attachment organelle are the proposed adhesin proteins P1 (Hu et al., 1977 ; Inamine et al., 1988 ; Su et al., 1987) and P30 (Dallo et al., 1990 ; Romero-Arroyo et al., 1999) , and a number of other proteins including P40 and P90, cleavage products derived from the ORF6 gene of the P1 operon (Inamine et al., 1988 ; Layh-Schmitt & Harkenthal, 1999 ; Sperker et al., 1991) , and HMW3 (Ogle et al., 1991 ; Stevens & Krause, 1992) . Lack of any one of these proteins results in an adherence-negative phenotype. The hypothesis is that in adherence-negative strains the putative cytoskeleton-like structure is lacking, malfunctioning or absent. A more detailed review of this topic has been published recently .
The first experimental indication of a cytoskeleton-like structure in M. pneumoniae was provided by Meng & Pfister (1980) who detected by electron microscopy rodlike condensed structures localized in the attachment organelle and thin fibrous structures extending into the cell body. These observations were confirmed by other researchers (Go$ bel et al., 1981) . In these experiments, M. pneumoniae cells grown on cover slips were treated with 1 % Triton X-100 and the remaining proteins were stained with uranyl acetate for electron microscopy. In most pictures, a rod-like condensation, also called the tip structure, with a terminal button and a basal node was visible (Go$ bel et al., 1981 ; Meng & Pfister, 1980) . This rod-like condensation has alternating electronlucent and -opaque rings (Meng & Pfister, 1980) . This structure is sometimes still surrounded by membrane fragments and has some filamentous extensions attached (Go$ bel et al., 1981 ; Meng & Pfister, 1980) . These experiments, and studies on the architecture and composition of eukaryotic cytoskeletons from many different cells (Herrmann & Wiche, 1983 ; Starger & Goldman, 1977 ; Steinert et al., 1978) that have been treated with the detergent Triton X-100, suggested that a cytoskeleton-like structure could also be concentrated in a Triton X-100 insoluble fraction of M. pneumoniae. About 30 proteins could be visualized by SDS-PAGE of the Triton X-100 insoluble fraction and staining with Coomassie blue . The correlation between the adhesion organelle and cytadherence was shown in several studies (Krause et al., 1997 ; Romero-Arroyo et al., 1999) by isolating spontaneous mutants with a cytadherence-negative phenotype that possessed the adhesins P1 and P30 but had lost the high-molecularmass proteins HMW1, HMW2 and HMW3 (Krause et al., 1982 ; Layh-Schmitt et al., 1995) . Cytadherencepositive revertants had regained the HMW proteins (Krause et al., 1997) , reinforcing their correlation with cytadherence.
HMW1 (Dirksen et al., 1996) and HMW3 (Ogle et al., 1991) show an unusual amino acid composition with an extended acidic, proline-rich domain. HMW2 was predicted to have the potential for the formation of an extended coiled-coil structure (Krause et al., 1997) . In another approach, a protein expression library was constructed by fusing randomly fragmented M. pneumoniae DNA to the dihydrofolate reductase gene (Proft & Herrmann, 1994) . Screening of this expression library with an antiserum directed against the Triton X-100 insoluble fraction of M. pneumoniae led to the discovery of the proteins P65 (Proft et al., 1995) and P200 (Proft et al., 1996) . These proteins were candidates for structural proteins based upon their predicted features. Like HMW1 and HMW3, they have an acidic, proline-rich domain. Furthermore, P65 and P200, like HMW2, HMW1 and HMW3, accumulate in the Triton X-100 insoluble fraction. But none of these proteins, or any other of the predicted 688 ORFs (Dandekar et al., 2000) , has a significant sequence similarity to a known cytoskeleton protein. This is not surprising, as structural components may not be conserved at the sequence level even though the proteins have similar structural features. For instance the proteins HMW1-3 show only 50-60 % amino acid sequence identity with the corresponding proteins in Mycoplasma genitalium, which is the closest known relative to M. pneumoniae. This value is low compared to the 75-95 % identity for standard housekeeping genes (Herrmann & Reiner, 1998 ; Himmelreich et al., 1997) ; however the sequence similarities to the orthologous structural proteins in phylogenetically more distantly related species would probably be too low to be significant. To better characterize this fraction and to identify new structural components of the cytoskeletonlike structure, we decided to determine the protein composition of the Triton X-100 insoluble fraction of M. pneumoniae. Since the complete sequence of the genome is known (Himmelreich et al., 1996) , twodimensional (2-D) gel electrophoresis combined with MS was the method of choice for this analysis (Eng et al., 1994 ; Fountoulakis et al., 1998 ; Go$ rg et al., 1998 Go$ rg et al., , 1999 Shevchenko et al., 1996 ; Wasinger et al., 1995 Wasinger et al., , 2000 Wilkins et al., 1996) . Sensitivity and throughput of protein analyses were significantly enhanced by the use of mass spectrometric methods. Essentially any protein visible on a gel and listed in the sequence database can be identified by mass spectrometric analysis of peptides generated by in-gel digestion of the protein. To identify a protein, the sequence-specific peptide fragment patterns created by the mass spectrometer are correlated with the database using dedicated computer programs (Eng et al., 1994 ; Shevchenko et al., 1996) . The high information content of the mass spectrometric fragment patterns allows protein identity to be established auto-matically and without operator interpretation (Eng et al., 1994) .
METHODS
Cell fractionation. M. pneumoniae cells were grown for 96 h in modified Hayflick medium at 37 mC in 150 cm# tissue culture flasks. For cell fractionation, the adherent bacteria were washed twice with PBS (150 mM NaCl, 10 mM Na # HPO % , pH 7n4) at room temperature and then treated in the flask with the following two buffers (Herrmann & Wiche, 1983) : lysis buffer low, containing 0n5iPBS, 50 mM MOPS pH 6n8, 1 mM EGTA [ethylene glycol-bis(β-aminoethyl ether)], 10 mM MgCl # , 0n2% (v\v) Triton X-100 and 1 mM PMSF ; and lysis buffer high, containing 0n5iPBS, 50 mM MOPS pH 6n8, 10 mM MgCl # , 1 % Triton X-100, 0n05 mg DNase ml − " and 1 mM PMSF. Cells were incubated with 2 ml lysis buffer low for 2 min at room temperature ; the supernatant (S1 ; Fig. 1 ) was then carefully removed, and the cells put on ice and incubated with 2 ml lysis buffer high for 3 min with gentle agitation (Fig. 1) . After 3 min, 0n5 ml 5 M NaCl was added and incubation continued for 3 min on ice. This treatment detached cell fragments from the plastic surface. Cell fragments still adhering to the plastic surface were scratched off. The suspensions were combined (S2), centrifuged for 10 min at 14 000 g in an Eppendorf 5402 centrifuge at 4 mC and separated into a pellet, P4, and supernatant, S5. P4 contained the Triton X-100 insoluble fraction that was used for further analysis. Supernatant S1 was treated as for S2 and the resulting pellet, P2, and supernatant, S3, stored at k20 mC. M. pneumoniae cells were fractionated with 0n2 % Triton X-100 as described in Methods. The supernatant (S1) was removed from the adherent cell fragments, which were further extracted with 1 % Triton X-100 and 1 M NaCl. This suspension, and also the S1 fraction, were centrifuged and separated into supernatants S3 and S5 and pellets P2 and P4 to yield four subcellular fractions. Fraction P4 was the Triton X-100 insoluble fraction. (Regula et al., 2000) . 2-D electrophoresis (IPG-Dalt) was done with immobilized pH gradients according to Go$ rg et al. (1988) with minor modifications (Regula et al., 2000) . For details see http :\\www.weihenstephan.de\blm\deg.
In-gel digestion and liquid chromatography-MS analysis. The methods used for protein identification were recently described by Regula et al. (2000) .
Triton X-100 treatment of cells grown on electron microscope grids. M. pneumoniae cells were grown on Formvar carboncoated nickel grids. For growth, each well of a 24-well cell culture plate was filled with 1 ml mycoplasma medium containing mycoplasma cells, and one grid per well was placed, with the support film facing upwards, into the medium. Incubation was for 3 d at 37 mC. The medium was removed and replaced by 1 ml PBS per well, and all grids were then washed twice with PBS at room temperature in their respective wells. The washing solution was removed and replaced by 1 ml per well of a solution containing 20 mM Tris\HCl, 150 mM NaCl and 2 % Triton X-100 (Stevens & Krause, 1991) . After 30 min incubation at 37 mC, the Triton solution was removed and the grids were washed twice with PBS at room temperature in their respective wells. Finally, the samples were fixed in an aqueous solution of 0n2% (v\v) glutaraldehyde and 0n2% (v\v) formaldehyde at room temperature for 10 s and air-dried.
Cryoultramicrotomy. M. pneumoniae cells were washed twice in 50 mM PBS and then fixed in 0n3 % formaldehyde and 0n3 % glutaraldehyde in PBS for 10 min at 4 mC. Afterwards, the cells were centrifuged at 6000 g for 5 min and resuspended in 1 ml of 10 % (w\v) gelatin at 37 mC. The gelatin was poured into a Petri dish to form a 1 mm thick layer and cooled to 0 mC. The solidified gelatin was covered with a solution of 0n3% formaldehyde and 0n3 % glutaraldehyde in PBS for 30 min at 0 mC, washed with PBS and cut into 1 mm$ cubes. These were incubated for 12 h at 2 mC in a mixture containing 1n6 M sucrose in 0n4 M NaPO % buffer and 25 % polyvinylpyrrolidone (Griffiths et al., 1984) . Afterwards they were mounted on a pin with 2n3 M sucrose as a ' glue ' and frozen in liquid nitrogen. Ultrathin sections 50 nm thick were cut at k85 mC (k100 mC knife temperature) on a cryoultramicrotome FC4 (ReichertJung). Cryosections were removed from the knife with a drop of 2n3 M sucrose in a wire loop and transferred onto Formvar carbon-coated nickel grids. The grids were then floated on distilled water for 5 min, with the specimen facing downwards, and blotted dry on filter paper.
Triton X-100 treatment of cells grown in culture flasks and preparation for electron microscopy. M. pneumoniae cells were cultured and fractionated with Triton X-100 and NaCl as described above. For preparation for electron microscopy, glutaraldehyde and formaldehyde were added to fraction P4 ( Fig. 1) , to a final concentration of 0n2 % each. Triton shells were transferred to Formvar carbon-coated grids by floating grids, one per 40 µl drop, with the support film facing towards the drop surface, for 30 s on the drop. Afterwards, the grids were blotted dry on filter paper and air-dried.
Electron microscopy. Each grid was stained by floating it, for 1 s, on the surface of a 40 µl drop of 3 % neutralized phosphotungstic acid (PTA). Afterwards, the grids were removed from the drop, most of the PTA was removed from the grid with filter paper and the grid was air-dried. Electron microscopy of the samples was done with a Philips EM 301 transmission electron microscope operated in the bright field mode at 80 kV. Himmelreich et al. (1996) . † MPN number according to the re-annotation by Dandekar et al. (2000) . ‡ ORF name according to the original publication by Himmelreich et al. (1996) . § TM, predicted transmembrane segment ; C-C, predicted coiled-coil structure ; PR, peptide repeat (4-10 aa in most instances) ; LZ, leucine zipper. R Seen after SDS-PAGE and Western blot.
and 2-D gels was done as described by Proft & Herrmann (1994) .
Nomenclature. All ORFs and proteins were named according to the numbers given in the original publication of the genome sequence (Himmelreich et al., 1996) . With the re-annotation of the genome sequence of M. pneumoniae, the old nomenclature was replaced by a new one consisting of the prefix ' MPN ' and a new number (Dandekar et al., 2000) . This new nomenclature is presented together with the old one in Table  1 . Additional information is available from the following websites : www.zmbh.de\MIpneumoniae and www.bork.-EMBL-Heidelberg.DE\Annot\MP.
RESULTS
The experimental approach for the identification of the components of the Triton X-100 insoluble fraction of M. pneumoniae was as follows. The insoluble fraction was enriched by a method adapted from a procedure for the isolation of eukaryotic cytoskeletons (Herrmann & Wiche, 1983) . The individual proteins were separated by 2-D gel electrophoresis using immobilized pH gradients (IPGs) for the isoelectric focusing of proteins in the first dimension and SDS-PAGE for separation according to molecular mass in the second dimension. After staining with colloidal Coomassie blue, the protein spots were excised and analysed by MS as previously described in detail (Regula et al., 2000) .
Preparation of the Triton X-100 insoluble fraction
Several slightly different procedures have been developed to remove the membranes and the cytosol from M. pneumoniae cells. The procedures vary mainly in the Triton X-100 and the salt concentrations, the temperature and the duration of the exposure of the bacteria to the detergent (Meng & Pfister, 1980 ; Proft et al., 1995 ; Stevens & Krause, 1991) . We adapted a two-step procedure for the preparation of eukaryotic cytoskeletons (Herrmann & Wiche, 1983) for two reasons. Firstly, eukaryotic cytoskeletons are well characterized and the structural components of M. pneumoniae are assumed to show similar properties to the components of eukaryotic cytoskeletons (Go$ bel et al., 1981 ; Meng & Pfister, 1980 ; Neimark, 1977) . Secondly, the extraction of M. pneumoniae cells with Triton X-100 while still adhering to a solid surface was most similar to methods used for electron microscopical analysis, where M. pneumoniae are treated and analysed on grids. In our procedure the bacteria were first exposed to a low Triton X-100 (0.2 %) and salt concentration (Fig. 1 , fractions P2 and S3), and then in a second step the concentration was increased to 1 % Triton X-100 and 1 M NaCl to give the fractions P4 and S5. Since the P4 fraction was exposed to the highest Triton X-100 concentration we called this fraction the Triton X-100 insoluble fraction and used it for all the experiments described. To check our extraction protocol, we examined the distribution of several proteins (HMW1, HMW2, HMW3, P65 and P200) which have been found almost exclusively in the Triton X-100 insoluble fraction after extraction of cells with 2 % Triton X-100 (Krause et al., 1997 ; Ogle et al., 1991 ; Proft & Herrmann, 1994 ; Proft et al., 1995 Proft et al., , 1996 Stevens & Krause, 1991) . Our method achieved the same distribution, with all these proteins concentrated in pellets P2 and P4 (data not shown). For further characterization, we examined the distribution of the proteins P1 (Kahane et al., 1985) , P40, P90 (Proft & Herrmann, 1994 ; Sperker et al., 1991) , FtsZ and DnaK among the four fractions and, in accordance with published results, found the proteins P1, P40 and P90 in all the subcellular fractions (P2, P4, S3, S5) (Fig. 2) . The proteins DnaK and FtsZ, the subcellular distribution of which has not been reported before, were also present in all subfractions (data not shown).
Electron microscopic analysis of the Triton X-100 insoluble fraction
Since our method to prepare the Triton X-100 insoluble fraction of M. pneumoniae was not exactly the same as those used by others in previous studies (Go$ bel et al., 1981 ; Meng & Pfister, 1980 ; (Proft & Herrmann, 1994) . Fractions S1, S3, S5, P2 and P4 (see Fig. 1 ) were examined for proteins HMW1 (a), HMW3 (b), P1 (c), P40 (d) and P90 (e). P40 and P90 are the products of the ORF6 gene (Sperker et al., 1991) . From each fraction, 5 µg protein was applied per lane. The monospecific rabbit antisera were diluted between 1 : 1000 and 1 : 3000. As second antibody, an alkaline-phosphataseconjugated goat anti-rabbit antiserum diluted 1 : 10 000 was used. Bound phosphatase-conjugated antibodies were detected using 70 µg nitro blue tetrazolium chloride ml − 1 and 35 µg 5-bromo-4-chloro-3-indolyl phosphate ml − 1 in alkaline phosphatase buffer. Proft et al., 1995) , we compared our results with those obtained when we prepared the Triton X-100 insoluble fraction according to Stevens & Krause (1991) . These authors used a higher Triton X-100 concentration (2 %), a lower salt concentration (150 mM NaCl) and incubation at 37 mC for 30 min. The two preparations appeared indistinguishable by electron microscopical inspection (Figs 3 and 4) . We observed rather compact aggregates with a background of smaller material and only very rarely thin fibrous structures. These compact aggregates in the Triton X-100 insoluble fraction of M. pneumoniae were about 300 nm long and 80 nm thick, with a pattern of parallel stripes oriented perpendicular to their long axes (Fig. 3) . Occasionally, appendages could be seen which appeared to resemble remnants of the cytoplasmic membrane. A similar structure could be seen in ultrathin cryosections of the attachment organelle from M. pneumoniae. One end of it seemed to be connected to the cytoplasmic membrane (Fig. 5) . The structures showed all the features that have been described previously (Go$ bel et al., 1981 ; Meng & Pfister, 1980) .
Fig. 2. SDS-polyacrylamide gels (10 %) and Western blots with monospecific antisera

2-D gel electrophoresis
In our study, using analytical 2-D gels with an IPG from 3-12 and with sensitive silver staining methods, we visualized about 100 proteins in the Triton X-100 insoluble fraction (Fig. 6) . However, proteins stained with silver according to the classical method of Blum et al. (1987) were often poorly digested in the gel and only a few peptides were obtained, impeding protein identification by MS. Therefore, all 2-D gels that were used for MS were stained with colloidal Coomassie blue, enabling about 50 proteins to be visualized in a preparative 2-D gel of the Triton X-100 insoluble fraction (Fig. 7) . This method was not as sensitive as silver staining, but was better than the conventional Coomassie blue staining technique. Since 2-D gels covering narrow IPGs (Go$ rg et al., 1997) Preparations were done according to Stevens & Krause (1991) . Repeating rings in the striped structure are indicated by groups of arrows. Membrane fragments (M) are occasionally still connected to the striped structure. Bar, 100 nm. handle, IPGs from 4-9 or 3-10 and, more recently, 3-12 were used for most of the analyses of the composition of the Triton X-100 insoluble fraction. As shown in Fig. 6 , the Triton X-100 insoluble fraction contains a number of basic proteins, which have not yet been identified.
Their role and participation in the formation of the structures seen in Fig. 3 and 4 remain to be analysed.
For comparison and demonstration of the enrichment of certain proteins in the Triton X-100 insoluble fraction, it should be mentioned that about 225 proteins were visible after staining of 2-D gels of complete cell extracts with colloidal Coomassie blue, and about 450 proteins after staining with silver according to the method of Blum et al. (1987) (Regula et al., 2000) .
Components of the Triton X-100 insoluble fraction
All 50 proteins visible after separation of the Triton X-100 insoluble fraction in a 2-D gel system with an IPG from 3 to 10 and staining with colloidal Coomassie blue (Fig. 7) were analysed by MS. The characteristics of the 41 proteins that were identified and assigned are summarized in Table 1 . We also included those proteins that could be assigned to the Triton X-100 insoluble fraction by 1-D SDS-PAGE and Western blotting (data not shown) or MS, but which were not identified by 2-D gel electrophoresis (Table 1) and MS.
The positions of 31 proteins in the 2-D gels were consistent with the predicted molecular masses and the pIs of the corresponding ORFs of M. pneumoniae. Two proteins, P65 (528, F10Iorf405) and HMW3 (388, H08I orf672), migrated slower than predicted, as established previously (Ogle et al., 1991 ; Proft et al., 1995) . Nine proteins were detected in faster migrating spots than predicted from their calculated ORF size. This was not due to an abnormal migration of these proteins in the The Triton X-100 insoluble fraction (P4) was separated by 2-D gel electrophoresis and the proteins were silver-stained. The assignment of the proteins to the ORF numbers (Himmelreich et al., 1996) was based on results from a Coomassie-blue-stained gel (Fig. 7) . The protein labelled ' A ' could not be correlated with any M. pneumoniae ORF. gel, but rather because these proteins were cleavage products of either in vivo post-translational processing or, less probably, in vitro artefacts of sample preparation. By analysing the distribution of the peptides identified by MS, it was possible to determine approximately the ends of the cleaved proteins and their presumptive molecular masses and pIs (for details, see Regula et al., 2000) . Six of the nine truncated proteins were derived from lipoproteins of the murein lipoprotein type of Escherichia coli. The other three proteins had one or more transmembrane domains. Among the strongly stained proteins, only one could not be assigned to an ORF from M. pneumoniae, (spot A in Figs 6 and 7) . This protein is probably the apolipoprotein A1 precursor, a serum component which probably has an affinity for the surface of M. pneumoniae (Regula et al., 2000) . To analyse the effect of temperature and duration of exposure on the protein pattern of Triton X-100 fractionation, we incubated the adherent cell fragments (Fig. 1) with the same buffers for 30 min at 37 mC with mild agitation. Under these conditions, the main components of the Triton X-100 insoluble fraction, such as DnaK (406), EF-Tu (177), PdhA (446) and PdhB (447) remained the most prevalent components, but some additional proteins were enriched. These proteins were ribonucleotide reductase 2 (F10Iorf339, 515), DNAdirected RNA polymerase subunit α, RpoA (GT9Iorf 327, 641), phenylalanine tRNA ligase (C09Iorf341, 50) and UDP-glucose isomerase, GalE (A65Iorf338, 577) (data not shown).
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DISCUSSION
The rationale for analysing the Triton X-100 insoluble fraction of M. pneumoniae was the observation that M. pneumoniae has fibre-like structures as seen by electron microscopy (Biberfeld & Biberfeld, 1970 ; Meng & Pfister, 1980) and that similar structures persist after treatment of M. pneumoniae with the detergent Triton X-100 (Go$ bel et al., 1981 ; Meng & Pfister, 1980 ; Stevens & Krause, 1991) . However, it should be stressed that the conception of a cytoskeleton-like structure in M. pneumoniae is rather vague, and so far nobody has been able to correlate defined proteins with the observed fibre-like structures directly. Although our procedure varied somewhat compared to previously described methods, the compact structures (Figs 3 and 4) observed in our preparation seemed to be very similar to those described previously as tip structures ; therefore we assume they are identical. However, only occasionally and not reproducibly did we see thin fibrous structures with a diameter of only 6-7 nm. Since the main differences between our method and those of others were the higher salt concentrations and lower incubation temperature, it might be that under these conditions these thin fibres are unstable. The Triton X-100 insoluble preparation contained large amounts of smaller structures (Figs 3 and 4) , which could be precursor or degradation products of the tip structure. This high background excludes correlation of specific proteins from the total composition of the Triton X-100 insoluble fraction with the tip structure. Comparison of the tip structure ( Fig. 3) with thin sections of complete M. pneumoniae cells (Fig. 5) , suggests that they are the same structure, but this needs to be proven by direct methods such as immunoelectron microscopy. It is not known exactly what renders a protein insoluble in Triton X-100 and it is not yet possible to predict this feature from its primary sequence. Any modification of a given protocol for a Triton X-100 fractionation may influence the solubility of individual proteins, as was shown by changing temperature and duration of exposure. We assume this is related to incomplete removal of residual membrane fragments, which may influence the separation of proteins in the first dimension of 2-D gel electrophoresis. For some proteins, the formation of ' membrane rafts ' might be a possible explanation. ' Rafts ' are sphingolipid-cholesterol complexes, proposed to function as platforms for the attachment of proteins in the fluid lipid bilayer. These complexes are insoluble in Triton X-100, but the proteins, once separated from the rafts, are soluble (Simons & Ikonen, 1997) . Experimental data proving the existence of rafts in M. pneumoniae are not available. Although sphingolipids are only present in minor amounts in membranes of M. pneumoniae when grown in serum-containing media, the formation of rafts seems possible since these bacteria have the biosynthetic capacity to synthesize sphingolipids if the right precursors are present (A. Wieslander, personal communication). One could screen for rafts by treating the bacteria with β-cyclodextrin to selectively deplete the membrane of cholesterol and determining whether some proteins from the Triton X-100 insoluble fraction then appear in the soluble fraction. In an analytical 2-D protein gels (Fig. 3 ) of the Triton X-100 insoluble fraction about 100 protein spots could be visualized by silver staining. After staining a preparative 2-D gel with colloidal Coomassie blue (Fig. 4) only about 50 protein spots were detected, of which 41 could be assigned to an M. pneumoniae ORF in the M. pneumoniae database. To get as complete a picture as possible of the composition of the detergent-insoluble complex, we added seven proteins that did not appear in the 2-D gel analysis, but were clearly seen after 1-D SDS-PAGE and Western blotting (Table 1) or MS. These proteins had already been assigned to the Triton X-100 insoluble fraction in previously published studies (Kahane et al., 1985 ; Krause et al., 1982 ; Proft & Herrmann, 1994 ; Proft et al., 1995 Proft et al., , 1996 . In general, the method used cannot differentiate between proteins that might be structural components and those that interact with these structural components. The attachment organelle provides an example. Its formation depends on the proteins HMW1 (393), HMW2 (527) and HMW3 (388) , but it functions only as an adherence organelle if the proposed adhesin P1 (14) is properly inserted, together with the proteins P40 and P90 (Layh-Schmitt & Herrmann, 1994 ; LayhSchmitt & Harkenthal, 1999) . Since it is not easy to differentiate between true adhesins (P1), proteins guiding the adhesin to its correct position (P40, P90) and proposed structural proteins of the attachment organelle, the term cytadherence accessory protein seems to be a useful generic term . These accessory proteins are presently defined by mutations in genes that result in a cytadherence-negative phenotype (failure to bind to human erythrocytes). Erythrocytes are convenient model cells because they carry receptors for M. pneumoniae, even though M. pneumoniae is not normally found in the bloodstream. The examination of cytadherence-negative mutants has confirmed the roles of all the proteins listed in Table 1 under ' Proposed structural and cytadherence associated proteins ' with the exception of P65 (Proft et al., 1995) and P200 (Proft et al., 1996) . These two proteins are listed here because they share characteristics with HMW1 and HMW3, including an extended proline-rich acidic domain and significantly slower migration in SDS-PAGE gels than might be expected from their predicted primary sequence.
Based on predicted protein structures, the proteins P01I orf1033 (366), H10Iorf149 (540) and F11Iorf358b (451) appear to be promising new candidates for the functional group of proposed structural proteins (Table 1 , unknown function). P01Iorf1033 (873 aa) and F11I orf358b (347 aa) share sequence identity of about 25 % over almost their entire length with HMW2, and they are predicted to have extended coiled-coil structures (Lupas, 1996) like HMW2. In addition, HMW2 and P01Iorf1033 (366) contain several leucine zipper motifs. These are known to enable dimerization in DNAbinding proteins, but so far the interaction of the proteins P01Iorf1033 and HMW2 with DNA has not been studied. Whether these leucine zipper motifs really contribute to the formation of specific structures remains to be analysed.
Other potential candidates for the formation of a cytoskeleton-like structure might be found among the lipoproteins because they could form a connection between the membrane and a possible protein network beneath it. However, none of the lipoproteins identified was a full-length product of the corresponding ORF. Their size and pI, and the restricted distribution of characterized peptides for each lipoprotein, showed clearly that they were cleavage products.
As a supportive method for the assignment as a cytadherence-associated protein, the distribution of proteins in a subcellular fraction can be monitored by SDS-PAGE and Western blotting, but this approach requires many monospecific antibodies. The analysis of a few selected proteins by this method showed that the proteins HMW1 (393), HMW2 (527), HMW3 (388), P65 (528) and P200 (275) were present almost exclusively in fractions P4 and P2 (Figs 1 and 2) . The proteins P1 (14), P40 (13), P90 (13), FtsZ (520) and DnaK (406) were distributed in all fractions (data not shown). This could indicate that the proteins of the second group are less firmly bound, or have a variety of modifications with different affinities for specific binding partners. In vivo cross-linking experiments seem to be another promising method for searching for cytadherence-associated proteins. Using this approach, several proteins have been identified that interact directly or indirectly with the P1 adhesin (Layh-Schmitt & Herrmann, 1994 ; LayhSchmitt et al., 2000) . Besides some of the known cytadherence-associated proteins, DnaK (406) and the E1 α-subunit of pyruvate dehydrogenase (446) were components of proteins complexes that were enriched by using antibodies against the P1 adhesin (Layh- Schmitt et al., 2000) .
It seems unlikely that proteins assigned functionally as enzymes in energy metabolism are involved in the formation of a cytoskeleton-like structure. In this context, the proposal of Norris et al. (1996) should be considered. They suggested that the enzymes involved in a specific metabolic pathway are organized in larger protein complexes, which might assemble with other complexes into large coherent structures inside the cell, forming the proposed ' enzoskeleton ' (Norris et al., 1996) . The situation seems different with the two most abundant proteins of the fraction, DnaK and elongation factor Tu. Both proteins have the potential to polymerize. DnaK has leucine zipper motifs and it has been shown that the elongation factor Tu polymerizes into filaments under appropriate conditions in vitro (Beck et al., 1978) . Therefore, we cannot exclude the possibility that DnaK or elongation factor Tu are components of the fibrous structures seen by electron microscopy (Go$ bel et al., 1981 ; Meng & Pfister, 1980) . In summary, it now seems feasible to isolate at least the tip structure devoid of the smaller contaminating material and then to determine its structural components by MS. Based on this information, the synthesis of monospecific antibodies to all the potential components is then feasible and these can then be used to study the organization of the tip structure by immunocytochemistry.
